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Low‑temperature stress affects 
reactive oxygen species, 
osmotic adjustment substances, 
and antioxidants in rice (Oryza 
sativa L.) at the reproductive stage
Zhenhua Guo1,2,4*, Lijun Cai3,4, Chuanxue Liu1, Zhiqiang Chen2, Shiwu Guan1, 
Wendong Ma1 & Guojun Pan1*

The sensitivity of rice to low‑temperature stress (LTS), especially at the reproductive stage, is a 
primary factor of rice yield fluctuation in cold cultivate region. Here, the changes of reactive oxygen 
species (ROS), osmotic adjustment substances, and antioxidants in different tissues were analyzed 
during rice growing under low temperatures (LT) at the reproductive stage. Results showed that LTS 
increases the levels of proline (Pro), soluble protein (SP), glutathione (GSH), superoxidase (SOD), and 
ascorbate peroxidase (APX) in LJ25 (LTS‑resistant) and LJ11 (LTS‑sensitive). The activities of catalase 
(CAT) and peroxidase (POD) were significantly increased in LJ25 but decreased in LJ11 under LTS, 
while an opposite trend in ROS and malondialdehyde (MDA) was observed in both varieties. Moreover, 
most physicochemical properties were higher in flag leaves and panicles compared with those in leaf 
sheaths. The expression patterns of OsCOIN, OsCATC , OsMAP1, OsPOX1, and OsAPX were the same 
with phenotypic changes in Pro and the enzymes encoded by them, confirming the accuracy of the 
physicochemical analysis. Therefore, only CAT and POD increased more in LJ25, suggesting they could 
be the key factors used for LT‑tolerant breeding of rice in cold regions.

Rice (Oryza sativa L.) is a thermophilic crop and vulnerable to low-temperature stress (LTS) due to its origin 
in tropical and subtropical  regions1. Current unseasonable temperature variations, such as the high frequency 
of extreme weather, cold damage is a worldwide issue, which is known to reduce rice yield by about 3–5 bil-
lion tons annually. Approximately 24 countries located in high-altitude or high-latitude areas are significantly 
influenced by LTS-induced yield  damage2. Moreover, the LTS tolerance of indica rice (O. sativa L. ssp. indica) 
is much weaker than japonica rice (O. sativa L. ssp. japonica) due to natural selection based on the contrasting 
environmental  temperatures3,4. Due to its sensitivity to LTS, LT threatens rice growth throughout its life span, 
with the reproductive stage being the most sensitive  period5. When rice is exposed to LTS at the reproductive 
stage, LT leads to poor differentiation of branches and spikelets, pollen sterility, reduction in grain number per 
panicle, and low setting rates, resulting in reduced  yield6.

The LTS damage to rice is an extremely complicated biophysical and biochemical process. When exposed to 
LT, rice experiences changes in stability and functioning of the cell membrane, the efficiency of photosynthesis, 
the amounts of antioxidants and  osmoprotectants7,8. Therefore, the resistance of rice to LTS is a physicochemical 
reaction process involving multiple systems, which is influenced by the environmental conditions and the genetic 
characterizations themselves. LT-tolerant rice shows strong tolerance and adaptation than cold-sensitive ones by 
adjusting their  homeostasis9. The antioxidant enzymes, POD, SOD, and CAT, act as a protective enzyme system 
to limit the levels of free radicals and prevent their damage, maintaining a balance between the antioxidants and 
free  radicals10. When exposed to LTS, excessive free radicals, peroxides, and ROS cause severe oxidative damage 
in rice, whereas the antioxidant defense system diminishes their deleterious impacts on  rice11. Besides antioxi-
dant enzymes, there are several non-enzymatic antioxidants and osmoprotectants that play important roles in 
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the resistance to various types of abiotic stresses, including drought, heavy metal, and LTS. One of these is GSH, 
a low-molecular weight reduced sulfur  compound12. The amino acid proline (Pro) accumulates in response to 
LTS and has been proposed to enhance tolerance to lts in rice, shown by the balanced relationship between Pro 
accumulation and stress  tolerance13–15. Soluble protein (SP) also accumulates in plants under LTS and is also 
known to act as an osmoprotectant against dehydration  damage16.

Since rice is a sessile organism exposed to the environment, the whole plant is adversely affected by  LTS17. 
The leaf, especially the flag leaf, is the main photosynthetic organ, responsible for the production of energy and 
organics in  rice18. LTS is known to induce excessive ROS  accumulation19, which severely damages membrane 
lipid composition, chloroplast ultrastructure, the light-harvesting chlorophyll antenna  complexes20, and the 
thylakoid structures in rice plants, restricting photosynthesis and reducing energy  production21. As the major 
energy sink, the rice panicle is most sensitive to LTS at the reproductive  stage5. Previous studies have shown 
that the period of the tetrad to the young microspore stage (YM stage) during the reproductive stage is the most 
vulnerable to  LT22–24. Excessive ROS accumulation can destroy the tapetal cells, leading to the degradation of 
the callose wall and pollen abortion and, ultimately, heavy yield  losses25,26. The leaf sheath can be either a source 
or a sink organ during different developmental periods. As a source organ, the leaf sheath plays a vital role in 
photosynthesis during grain development, which directly affects the plant’s photosynthetic ability during grain 
 filling27. The leaf sheath acts as a temporary storage location for photosynthetic products and plays a key role in 
photosynthetic product transport and grain  filling28. The leaf sheath also functions as a route for the transporta-
tion of photosynthetic products from the leaf to the grain. Therefore, LTS at the reproductive stage can damage 
the leaf sheath and hinder the physicochemical process, directly affecting the rice  yield29,30.

Many studies have investigated the regulation of LTS-related genes in rice. Several enzyme-encoding genes are 
known to be involved in LT tolerance, such as the genes encoding alternative oxidases (AOX1a, AOX1b)31, plastid 
ω-3 fatty acid desaturase (OsFAD8)32, an E3 ubiquitin ligase (OsSRFP1)33, pectin methylesterase 1 (OsPME1)34, 
phytase 1 (OsPHY1)35, and hydroxysteroid dehydrogenase (OsHSD1)36. The peroxidase gene OsPOX1 is respon-
sive to various types of abiotic stresses. Northern analysis showed that OsPOX1 was preferentially expressed in 
spikelets and was responsive to LTS, while GUS staining showed that OsPOX1 was expressed in both the above-
ground and underground parts of rice during the vegetative stage and in the vasculature and anther at the early 
flower stage of microspore  development37. In addition, the cytochrome P450 family member HAN1 was found 
to negatively regulate LT tolerance in  rice38.

Recent studies have reported the mechanism of antioxidant regulation under LTS at the reproductive stage 
of rice, the majority of studies are concentrated on leaves, and only a few studies have been performed in other 
tissues, especially in young panicles and leaf sheaths. Therefore, the rice varieties LJ25 (Oryza sativa L. ssp. 
japonica) and LJ11 (Oryza sativa L. ssp. japonica), which are known to have a significant difference in LT response 
at the reproductive stage, were selected as the research objects. We studied the response of peroxidase, osmotic 
regulator, and ROS in the leaves, young panicle, and leaf sheath of the two plants during different stages of LTS 
in the reproductive stage, providing a theoretical basis for high yield and high-quality production of LT tolerant 
rice breeding.

Materials and methods
Materials. We chose LJ25 and LJ11, the two conventional Japonica rice cultivars cultivated by the Rice 
Research Institute of Heilongjiang Academy of Agricultural Sciences and planted in cold regions, as the experi-
mental materials in this study. LJ11 is a cultivar with a high yield but low LTS tolerance at the reproductive stage, 
which is planted in the third accumulative temperature zone of Heilongjiang, with the effective accumulative 
temperature (≥ 10 °C is about 2400 °C ) for maturity. The seed setting rate of LJ11 has been reported to be only 
6.18% after eight days of 15 °C LTS  treatment25. LJ25 is another high-yield and good-quality cultivar planted in 
the same temperature zone in the Heilongjiang Province as LJ11. Compared with LJ11, LJ25 is more tolerant to 
LTS at the reproductive stage, whose seed setting rate was approximately 91.9–93.3% treated by 18 ± 0.2 °C cold 
water for 10 days in 2007 and  200839.

Growing condition. The pot experiment was performed in the artificial climate room of Rice Research 
Institute of Heilongjiang Academy of Agricultural Sciences (Jiamusi, Heilongjiang, China) in 2019. The cultiva-
tion of the experimental materials was according to the methods of Guo et al.39 with more details. The diameter 
of the pot was 25 cm, and the height was 23 cm. Before the experiment, each pot was filled with 8 kg of dry paddy 
soil from the paddy fields of the experimental farm of Rice Research Institute of Heilongjiang Academy of Agri-
cultural Sciences. The basic physical and chemical properties of soil were pH 6.22, organic matter 36.56 g/kg, 
alkali hydrolysis N, available P, and available K were 105.35 mg/kg, 82.56 mg/kg, and 92.6 mg/kg, respectively. 
After disinfection, seed soaking, and germination, the seeds of LJ25 and LJ11 were seeded on a seedling plate 
containing the paddy soil and raised in a plastic shed on April 16. On May 16, when the rice seedlings grew to 3 
leaves, and 1 heart stage, the seedlings with the same development process were selected and transplanted into 
plastic pots. Twenty seedlings with consistent growth were selected and evenly planted in each pot, and each 
cultivar was planted in twelve pots. Extra tillers of each plant were removed to ensure the consistent growth pro-
cess of each plant, leaving only the main stem and grown at normal growing condition (28 °C day/22 °C night, 
12 h-light/12 h-dark photoperiod, 80% RH). The amounts of fertilization were the same as that of field fertilizer 
levels in the experimental farm of Rice Research Institute of Heilongjiang Academy of Agricultural Sciences 
(nitrogen 100 kg/hm2, phosphorus 80 kg/hm2, and potassium 80 kg/hm2).

LT treatment and sample preparation. Here, the LT treatment and sample preparation were performed 
following the methods of the cool air treatment  indoors39. The meiosis at the reproductive stage is known to 
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be the most sensitive stage to  LTS40. However, the determination of the pollen development period through 
microscopic examination was time-consuming and laborious, although precise. Therefore, the pollen devel-
opment period was usually estimated based on the auricle distance method. Briefly, the flag leaf ’s auricle was 
approximately 5 cm beneath the of the penultimate leaf ’s  auricle40,41. Till this stage, half of both the cultivars were 
transferred to another artificial climate room maintained at 12 °C for 4 days (12 h-light/12 h-dark photoperiod, 
80% RH) and then returned to the original room till maturity. Next, 0.5 g of fresh flag leaf and 0.5 g of leaf sheath 
were collected from each group after 0 days, 2 days, and 4 days of treatment at 12 °C, respectively. While, 0.5 g of 
fresh young spikelets, about 3.5–4.5 mm length, were plucked and collected from the upper third of the panicles 
after 0 days, 2 days, and 4 days of 12 °C treatment. All the samples of fresh flag leaf, leaf sheath, and fresh young 
spikelets were immediately frozen in liquid  N2 and stored at − 80 °C. LTS resistance was evaluated on seed setting 
rates (SSRs) of the main spikelet.

Determination of the content of MDA, Superoxide  (O2‑), and hydrogen peroxide  (H2O2). The 
MDA content was determined following the method of Guo et al.41. The absorbance of MDA was measured 
at 440, 532, and 600  nm on UV–Vis Spectrophotometer (Mettler-Toledo UV5Bio, Switzerland). The super-
oxide  (O2-) content was determined following the method of Batool et  al.42. The phosphate buffer (pH 7.8, 
0.5  mL), p-aminobenzene sulfonic acid (17  mM, 1  mL), hydroxylammonium chloride (1  mM, 1  mL), and 
α-naphthylamine (7 mM, 1.0 mL) were mixed, incubated at 25 °C for 60 min and then measured at 530 nm for 
absorbance. The  H2O2 content was measured following the method of Song et al.19 with minor modifications. 
Each sample was ground into a homogenate with trichloroacetic acid (0.1%) and then centrifuged at 10,000×g at 
4 °C for 20 min. Next, 1 ml of the supernatant was mixed with 2 mL of KI (1 M) and 1 mL of  K2PO4 buffer, and 
the absorbance was measured at 390 nm after 1 h darkness treatment.

Determination of antioxidant enzymes activities. Frozen samples of the flag leaves, leaf sheath, and 
young spikelets were mixed with potassium phosphate buffer (50 mM, pH 7.8), containing 1% polyvinylpyrro-
lidone, respectively, and then ground with a pre-cooled pestle and mortar. The prepared crude enzyme extract 
was incubated with the supernatant after homogenization and centrifuged at 15,000×g at 4 °C for 20 min. The 
activities of POD (EC 1.11.1.7), SOD (EC 1.15.1.1), and CAT (EC 1.11.1.6) were measured following the method 
of Guo et al.39. The activity of APX (EC 1.11.1.11) was measured following the method of Sato et al.41.

Determination of the contents of osmotic adjustment substances. Free proline was estimated 
following the method of Bates et al. with minor  modifications43. Samples were submerged in 5 mL of sulpho-
salicylic acid (3%, 100 °C for 10 min); 2 mL of the extract was mixed with ninhydrin reagent containing glacial 
acetic acid and then incubated for 30 min at 100 °C. After cooling in ice water, 4 mL of toluene was added to 
the mixture and then measured at 520 nm to determine the proline content. The SP content was estimated via 
the BCA method following the protocol of Campion et al.44. The GSH content was measured according to the 
method described by Gautam et al.45.

Determination of the expression levels of the related genes. OsCOIN, OsCATC , OsMAP1, 
OsAPXa, and OsPOX1 were selected for determining the expression of different tissues in LJ25 and LJ11 under 
LTS. Total RNA in all samples was extracted using the respective RNA mini extraction kit (Invitrogen), follow-
ing the manufacturer’s instructions. Primer 3 software was used for designing the primers, The Supplementary 
Table S1 shows the list of primers. QuantiNova™SYBR®Green PCR kit (Qiagen Inc., Duesseldorf, Germany) was 
used to perform the qRT-PCR reactions, which was carried out on an ABI StepOne Plus system. The  2−ΔΔCT 
method was used for qRT-PCR data analysis with three replicates in each reaction. Actin1 was selected as the 
reference gene.

Statistical analyses. All the data obtained were statistically analyzed using the SPSS 19.0 (v20.0, SPSS Inc., 
Chicago, USA) for variance (ANOVA) analysis. The least significant difference (LSD) test was used to determine 
the significant differences among treatments (P < 0.05).

Ethics approval and consent to participate. The seeds were kindly provided by the Rice Research 
Institute of Heilongjiang Academy of Agricultural Sciences, Jiamusi, China. In this study, the experimental 
research and field studies on plants, including collection of plant material, complied with relevant institutional, 
national, and international guidelines and legislation.

Results
Effects of LTS on seed setting rates at the reproductive stage. In the present study, we analyzed 
the SSRs of LJ11 and LJ25 during the LTS after 0 day, 2 days, and 4 days. As shown in Fig. 1, the SSR of LJ11 
and LJ25 was 93.3% and 93.7% under normal growing conditions (CK group), respectively, without significant 
difference between the two cultivars. While, the SSRs in LJ11 significantly decreased to 37.90 % and 8.97% at 
the 2 and 4 days after LTS (2 DALT and 4 DALT), respectively, suggesting that the spikelets were almost entirely 
sterile at the end of the LTS. In LJ25, the SSR was only significantly decreased at 4 DALT (59.77%). Moreover, the 
SSRs in LJ25 after 2 days and 4 days of LTS were both significantly higher than those in LJ11 (Fig. 1 & Table S2).

Response of MDA,  O2‑ and  H2O2 to LTS at the reproductive stage. MDA was reported to accumu-
late under LTS and investigated here. As shown in Fig. 2a–c, the MDA. The MDA contents of LJ11 at 2 DALT 
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increased by 9.24%, 21.46% (P < 0.05), and 22.91% (P < 0.05) in panicle, flag leaf, and leaf sheath, respectively, 
compared to the control group (Fig. 2a–c & Table S3). At 4 DALT, the MDA levels increased significantly by 
46.12%, 13.96%, and 28.67% in panicle, flag leaf, and leaf sheath, respectively. While in LJ25, the MDA decreased 
by 18.07% (P < 0.05), 0.62%, and 4.15% at 2 DALT in panicle, flag leaf, and leaf sheath, respectively, compared 
to the control group. Moreover, the MDA levels decreased by 15.83% (P < 0.05), 5.81% (P < 0.05), and 4.15% at 
4 DALT in panicle, flag leaf, and leaf sheath, respectively. As an indicator of membrane lipid peroxidation, the 
increase or decrease in MDA levels reflected the degree of cell membrane lipid peroxidation and resistance of 
plants to stress conditions.

The  O2- content in the panicle of LJ11 significantly increased at 2 and 4 DALT (18.84% and 33.49%, respec-
tively), whereas decreased slightly at 2 and 4 DALT (2.43% and 34.60%, respectively) in LJ25. The response of 
 O2

- in flag leaf and leaf sheath were both significantly increased at 2 and 4 DALT, in both LJ11 and LJ25 (Fig. 2d–f 
& Table S3). Moreover, both the MDA and the  O2

- levels were significantly higher in LJ11 than in LJ25 at 2 and 
4 DALT.

The  H2O2 levels in the panicle of LJ11 significantly increased by 90.67% and 155.88% at 2 and 4 DALT, 
respectively, which was 13.42% and 7.40% at 2 and 4 DALT in LJ25 (not significant). In the flag leaf, the  H2O2 
levels exhibited the same trends as those in the panicle (105.14% and 175.39% increased at 2 and 4 DALT, respec-
tively), while it was significantly increased by 49.03% and 29.16% at 2 and 4 DALT in LJ25. In the leaf sheath, 
the response of  H2O2 to LTS showed the same pattern as flag leaf, with 96.10% and 136.70% in LJ11, and 36.46% 
and 24.05% in LJ25 increasing at 2 and 4 DALT, respectively (Fig. 2g–i & Table S3).

Response of antioxidant enzymes to LTS at the reproductive stage. The activity of POD in the 
panicle of LJ25 increased significantly increased at 2 and 4 DALT (55.97% and 82.96%, respectively), while 
decreasing at 2 and 4 DALT by 26.36% and 35.64% in LJ11, respectively. In the flag leaf, the activity increased 

LJ11

LJ25

Plant Paniclea

CK 2 DALT 4 DALT CK 2 DALT 4 DALT

b

Figure 1.  Phenotypes and seed setting rates of LJ11 and LJ25 under LTS at the reproductive stage. (a) The 
plant types (scale bar: 10 cm) and panicles (scale bar: 10 cm) of LJ11 and LJ25. ‘CK’ represents ‘control group.’ 
‘2 DALT’ and ‘4 DALT’ represent after 2 days and 4 days of LTS treatment, respectively. (b) Seed setting rates of 
LJ11 and LJ25.‘CK’ represents ‘control group.’ ‘2D’ and ‘4D’ represent after 2 days and 4 days of LTS treatment, 
respectively. Lower-case letters represent significant differences among the three treatments for each genotype, 
upper-case letters represent significant differences between the two genotypes at each treatment.
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significantly by 92.15% and 234.19% at 2 and 4 DALT in LJ25, while decreasing significantly by 12.26% and 
54.07% in LJ11, respectively. However, in the leaf sheath of LJ11, the activity of POD decreased significantly only 
at 4 DALT (59.14%). In addition, except for the control group in the panicle and the activity at 2 DALT in flag 
leaf, the activity of POD in LJ25 were all significantly higher than that at the same DALT in LJ11 (Fig. 3a–c & 
Table S4).

The levels of SOD increased significantly by 98.30% and 49.18% at 2 and 4 DALT in LJ11, which were 7.67% 
and 11.53% in LJ25, respectively. While similar changes occurred in flag leaf between the two cultivars, which 
were 23.32% and 13.63% in LJ11, and 20.74% and 16.18% in LJ25, respectively. However, in the leaf sheath, the 
activity of SOD decreased significantly by 20.93% and 30.79% at 2 and 4 DALT in LJ11, while increased signifi-
cantly by 119.52% and 64.52% in LJ25, respectively. In addition, the activity of SOD was significantly higher in 
the control group of leaf sheath and 2 DALT of panicle in LJ11 than that in LJ25 (Fig. 3d–f & Table S4).

The activity of CAT in LJ11 decreased significantly at 2 and 4 DALT by 19.30% and 84.32%, 54.51% and 
76.96%, 35.25% and 48.87% in the panicle, flag leaf, and leaf sheath, respectively (Fig. 3g–i & Table S4); while 
in contrast, it was 133.33% and 145.40%, 158.37% and 196.27%, 81.74% and 45.60% in the panicle, flag leaf and 
leaf sheath of LJ25, respectively. Moreover, except for the control groups of all the tissues, the activities of CAT 
were remarkably higher in LJ25 than that in LJ11.

The activities of APX in panicle were significantly repressed by 12.76% and 35.71% at 2 and 4 DALT in LJ11 
while decreasing significantly by 8.88% at 4 DALT compared with that at 2 DALT in LJ25 (Fig. 3j–l & Table S4). 
In the flag leaf, the APX significantly decreased in LJ11 by 13.46% and 40.18% at 2 and 4 DALT, respectively, 
while decreased significantly at 4 DALT in LJ25 by 28.55%. No remarkable changes of the APX occurred in the 
leaf sheath of LJ25 while decreased significantly at 4 DALT in LJ11 by 19.64%.

Response of several osmotic adjustment substances to LTS at the reproductive stage. As a 
non-enzymatic antioxidant, the content of Pro in LJ11 only increased at 2 DALT in the panicle, flag leaf, and leaf 
sheath by 45.32%, 90.43%, and 38.36%, respectively; however, Pro levels increased significantly by 127.15% and 

Figure 2.  MDA,  O2-, and  H2O2 levels in different tissues of LJ25 and LJ11 in response to LTS treatment at 
the reproductive stage. (a–c) Changes in MDA levels in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, 
respectively. (d–f) Changes in  O2- levels in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, respectively. 
(g–i) Changes in  H2O2 levels in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, respectively. ‘CK’ 
represents ‘control group.’ ‘2D’ and ‘4D’ represent after 2 days and 4 days of LTS treatment, respectively. Lower-
case letters represent significant differences among the three treatments for each genotype; upper-case letters 
represent significant differences between the two genotypes for each treatment. Data are the means and standard 
errors of three replicates (n = 3). Data with different letters indicate statistically significant differences among the 
treatments according to Duncan’s multiple range test (P < 0.05).
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127.31%, 108.59% and 88.83%, 125.53% and 80.41% at 2 and 4 DALT in panicle, flag leaf, and leaf sheath of LJ25, 
respectively (Fig. 4a–c & Table S5).

The GSH in different tissues of both LJ11 and LJ25 was significantly increased during the cold stress treatment, 
except at DALT 4 in the leaf sheath of LJ11. Thus, 32.31% and 21.41%, 42.16% and 25.25%, 87.80% and − 9.09%, 
were increased at 2 and 4 DALT in the panicle, flag leaf, and leaf sheath of LJ11, respectively, while those were 
69.03%, 41.04% and 59.75% and 42.67%, 86.96% and 41.69% in the same tissues of LJ25 (Fig. 4d–f & Table S5).

SP is another non-enzymatic antioxidant, which increased significantly by 73.18%, 80.46%, 86.67% and 
34.89%, 41.65%, and 48.88% at 2 and 4 DALT in the panicle, flag leaf, and leaf sheath of LJ11, respectively, while 
its levels were 135.70%, 94.90%, 100.60% and 76.53%, 79.68% and 96.96% in LJ25, respectively (Fig. 4g–i & 
Table S5).

Responses of several antioxidant enzymes and non‑enzymatic antioxidant‑related genes 
to LTS at the reproductive stage. Under LTS, the changes in physiological and biochemical indexes 

Figure 3.  Responses of antioxidant enzymes to LTS in different tissues of LJ25 and LJ11 at the reproductive 
stage. (a–c) Changes in POD activities in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, respectively. 
(d–f) Changes in SOD activities in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, respectively. (g–i) 
Changes in CAT activities in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, respectively. (j–l) Changes 
in APX activities in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, respectively. ‘CK’ represents ‘control 
group.’ ‘2D’ and ‘4D’ represent after 2 days and 4 days of LTS treatment, respectively. Lower-case letters represent 
significant differences among the three treatments for each genotype; upper-case letters represent significant 
differences between the two genotypes for each treatment. Data are the means and standard errors of three 
replicates (n = 3). Data with different letters indicate statistically significant differences among the treatments 
according to Duncan’s multiple range test (P < 0.05).
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were accompanied by the changes in their expressions of regulatory genes. Here, we analyzed the expression 
of OsCOIN, OsCATC , OsMAP1, OsAPXa, and OsPOX1, related to antioxidase and non-enzymatic antioxidant 
encoded genes, from different tissues of the two cultivars. The expression of OsCOIN in LJ11 increased by 34.24 
and − 6.45%, 176.52 and 28.24%, and 17.64 and − 7.57% at 2 and 4 DALT in the panicle, flag leaf, and leaf sheath, 
respectively, compared to the control groups, while those in LJ25 were 170.87 and 30.25%, 230.89 and 116.22%, 
and 59.67 and 65.72%, respectively (Fig. 5a–c & Table S5). The expression of OsCATC  decreased by 61.37 and 
70.56%, 45.86 and 61.42%, and 36.41 and 43.12% at 2 and 4 DALT in the panicle, flag leaf, and leaf sheath of 
LJ11, respectively, compared to the control groups, while those in LJ25 were increased by 123.00 and 58.45%, 
143.42 and 79.82%, and 49.90 and 30.93%, respectively (Fig. 5d–f & Table S5). The expression of OsMAP1 was 
downregulated by 72.93 and 66.58%, 62.37 and 69.83%, and 40.38 and 60.11% at 2 and 4 DALT in the panicle, 
flag leaf, and leaf sheath of LJ11, respectively, compared to the control groups, while in LJ25 they were upregu-
lated by 182.10 and 63.58%, 83.83 and 63.70%, and 113.36 and 47.38% in the panicle, flag leaf and leaf sheath, 
respectively (Fig. 5g–i & Table S5). The expression of OsAPXa was downregulated by 33.31 and 42.25%, 32.43 
and 40.56%, and 10.84 and 19.32% at 2 and 4 DALT in the panicle, flag leaf, and leaf sheath of LJ11, respectively, 
related to the control groups, while in LJ25, it was downregulated by 11.16 and 14.33% at 2 and 4 DALT in the 
panicle, and upregulated by 28.40 and 33.20%, and 20.82 and 0.16% in the flag leaf and leaf sheath, respectively 
(Fig. 5j–l & Table S5). The expression of OsPOX1 in LJ11 was downregulated by 16.41 and 25.84%, 24.54 and 
38.45%, and 14.21 and 44.33% at 2 and 4 DALT in the panicle, flag leaf, and leaf sheath, respectively, related to 
the control groups, while those in LJ25 were upregulated by 66.33 and 98.12%, 89.25 and 65.51%, and 59.01 and 
45.80%, respectively (Fig. 5m–o & Table S5).

Discussion
Since rice is grown on the ground and immovable, the type of environmental conditions is crucial for rice survival 
and development, especially the unfavorable ones, of which LTS is a principal element. As the largest province 
of rice in north China, Heilongjiang is also an important base of rice commodity grain in China (70% of rice 
production as a commodity, www. zzys. moa. gov. cn). However, since it is located in the northernmost region of 
China, LTS, especially on the reproductive stage, seriously restricts the safe production of rice. Thus, LJ25 and 

Figure 4.  Levels of Pro, GSH, and SP in response to LTS at the reproductive stage in different tissues of LJ25 
and LJ11. (a–c) Changes in Pro levels in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, respectively. (d–
f) Changes in GSH levels in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, respectively. (g–i) Changes 
in SP levels in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, respectively. ‘CK’ represents ‘control group.’ 
‘2D’ and ‘4D’ represent after 2 days and 4 days of treatment, respectively. Lower-case letters represent significant 
differences among the three treatments for each genotype; upper-letters represent significant differences 
between the two genotypes for each treatment. Data are the means and standard errors of three replicates 
(n = 3). Data with different letters indicate statistically significant differences among the treatments according to 
Duncan’s multiple range test (P < 0.05).

http://www.zzys.moa.gov.cn
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Figure 5.  Changes in gene expression in response to LTS at the reproductive stage in different tissues of LJ25 
and LJ11. (a–c) Changes in OsCOIN expression in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, 
respectively. (d–f) Changes in OsCATC  expression in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, 
respectively. (g–i) Changes in OsMAP1 expression in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, 
respectively. (j–l) Changes in OsAPX expression in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, 
respectively. (m–o) Changes in OsPOX1 expression in the panicle, flag leaf, and leaf sheath of LJ11 and LJ25, 
respectively. ‘CK’ represents ‘control group.’ ‘2D’ and ‘4D’ represent after 2 days and 4 days of LTS treatment, 
respectively. Lower-case letters represent significant differences among the three treatments for each genotype. 
‘CK’ represents ‘control group.’ ‘2D’ and ‘4D’ represent after 2 days and 4 days of LTS treatment, respectively. 
Lower-case letters represent significant differences among the three treatments for each genotype; upper-case 
letters represent significant differences between the two genotypes for each treatment. Data are the means and 
standard errors of three replicates (n = 3). Data with different letters indicate statistically significant differences 
among the treatments according to Duncan’s multiple range test (P < 0.05).
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LJ11 were selected for further comprehensive investigation into the metabolic regulatory mechanisms underly-
ing LT tolerance in rice exposed to LTS at the reproductive stage. LJ25 and LJ11 present significantly different 
LT tolerance at the reproductive stage. LJ25 is one of the strongest LTS resistant crops and is widely cultivated in 
the third accumulative temperate zone in Heilongjiang  Province5, representing a strong LT tolerance of rice in 
the cold region at the reproductive stage. LJ11 with good agronomic and yield characters is weakly resistant to 
LTS when cultivated in the same temperate  region5. In addition, LJ25 and LJ11 underwent simultaneous meiosis, 
ensuring the accuracy of the LTS treatment period and the outcomes.

During its evolution, rice has been exposed to a variety of biotic and abiotic stresses and has thus acquired 
specific physiological adaptations for survival in harsh environments. Antioxidant defense systems play key 
roles in the alleviation of oxidative damage induced by LTS and include the modulation of osmotic conditions 
and the coordination of enzymatic and non-enzymatic  antioxidants7,46,47. Rice produces substantial amounts of 
ROS under LTS conditions, leading to ROS imbalances that affect the cell’s metabolism and damage intracellular 
proteins, membrane lipids, and  DNA48. As the first line of defense, SOD is known to detoxify  O2

- to form  H2O2 
and  O2, while POD, CAT, and APX are the key enzymes that convert  H2O2 into  H2O49. In this study, along with 
the significant increase in the amount of  O2- observed in all the investigated tissues of LJ11 and LJ25, it was found 
that SOD activities were also significantly increased, except in the leaf sheath of LJ11. However, as the next step, 
the activities of POD, CAT, and APX and the concentrations of  H2O2 and MDA responded differently in the vari-
ous samples. The levels of MDA and  H2O2 in LJ11 were all significantly increased under LTS while only slightly 
or even decreasing in LJ25. The POD and CAT levels decreased significantly in LJ11 while increasing remarkably 
in LJ25. However, the activities of APX in LJ11 and LJ25 showed the same trend, namely, downregulation in all 
samples in response to LTS. CAT is mainly known to scavenge and break down the  H2O2 produced via the fatty 
acid oxidation photorespiration reaction, reducing the peroxidation of membrane  lipids50, and POD is known 
to decompose  H2O2 using phenol as the  substrate51. When exposed to continuous LTS, the cytosolic concentra-
tions of the osmotica (SP and Pro) increased, reducing the water potential and alleviating cellular injury. Proline 
is known to be positively related to plants’ responses to LTS and can be used as an indicator to reflect the LT 
tolerance of plants and the degree of LTS suffered by  plants52. In this study, both SP and Pro were found to be 
significantly increased under LTS in the two cultivars, consistent with the previous  reports53,54, suggesting that 
they played positive roles in the physiological response to LTS at the reproductive stage of rice in cold regions. 
The AsA-GSH cycle, formed by GSH and AsA, is known to be an important route for ROS scavenging, where 
GSH and AsA reduce ROS directly or act as an enzyme–substrate system to remove  ROS55. The levels of GSH 
in both LJ25 and LJ11 were significantly increased after LTS treatments, showing that GSH was also a positive 
regulator of LTS in rice in cold regions. Moreover, the POD and CAT were significantly upregulated in LJ25 
and downregulated in LJ11, suggesting that they played key roles in the response of rice to LTS in cold regions.

Since plants are continuously exposed to the environment, all the tissues are threatened by LTS. The flag leaves 
are the most important source organs in functional leaves and play a vital role in grain  yield56. As the main energy 
storage organs, exposure of rice panicle to LT at the reproductive stage directly causes male sterility and seriously 
affects rice  yield57. Leaf-sheaths have different physiological functions in different growth stages of rice, where 
they could act as flow organs or source and sink  organs58. Here we investigated the responses of the panicle, 
flag leaf, and leaf sheath on LJ25 and LJ11 to LTS at the reproductive stage. Previous studies have reported that 
the antioxidant enzymes of flag leaf increase along with the ROS accumulation to maintain the free radicals at 
appropriate  levels59,60. Herein, the amounts of  O2-,  H2O2, MDA, GSH, APX, Pro, and SP in the panicle, flag leaves, 
and leaf sheath showed the same changing trends in both LJ11 and LJ25, which were approximately consistent 
with previous reports. The activities of POD and CAT in all the investigated tissues of LJ11 decreased steadily 
and significantly with LTS, while significantly increased in LJ25. The activity of SOD in the leaf sheath decreased 
in LJ11 while increased after 2 days of LTS and slightly decreased after 4 days of LTS in LJ25, consistent with the 
reports of Xiang et al., who reported that the antioxidant enzymes of leaves could increase under LTS within a 
certain period and then decline in different  degrees61.

Previous studies have reported that the accumulation of ROS under LTS could trigger the expression of LT-
related genes accompanied by physiological and biochemical  changes41,62. OSCOIN, encoding a ring zinc finger 
protein, is known to be expressed in all the organs of rice and intensively induced by various abiotic stresses, 
such as LT, ABA, salt, and drought. The overexpression of OsCOIN could upregulate the expression of OsP5CS, 
enhance the proline content, and significantly improve the tolerance to LT, drought, and salt  stresses63. In this 
study, the expression of OsCOIN in most investigate tissues were all upregulated under LTS on the reproduc-
tive stage of rice, consistent with previous  reports63. This result indicated that OsCOIN played a positive role in 
response to LTS at the reproductive stage of rice in cold regions. OsCATC 47,48,64, directly encoding catalase, whose 
expression under LTS was accompanied by the changes in CAT activity, was significantly upregulated in LJ25 
while sharply downregulated in LJ11. OsPOX1, as a third peroxidase encoding gene, is known to be expressed 
in both aboveground and underground tissues and expressed in vessels and anthers when in the early flower 
stage of microspore  development37,65. In this study, the expression trends of OsPOX1 were similar to those of 
OsCATC , indicating that both OsCATC  and OsPOX1 could be used for enhancing the LT tolerance of rice in 
cold regions. Under LTS, ROS accumulation could also promote the signaling network response to LTS, such 
as the MAPKK-MAPK  pathway66. OsMAP1, encoding a mitogen-activated protein, is involved in the MAPKK-
MAPK pathway. Treatment for 48 h at 12 °C and the ROS accumulation during this time could  positively67 
induce OsMAP1 expression; this is consistent with its expression pattern observed in LJ25 in this study, although 
not in LJ11. These findings indicate that OsMAP1 plays a significant role in LT tolerance in rice in cold regions.
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Conclusions
In this study, by analyzing the responses of ROS, osmotic adjustment substances, and antioxidants on different 
tissues of rice under LTS at the reproductive stage, we derived at the following conclusions: First, the amounts of 
ROS and MDA were almost significantly increased in LJ11 while slightly increased or significantly decreased in 
LJ25 under LTS; the contents of those osmotic adjustment substances (Pro, SP, and GSH) were all significantly 
increased in both LJ11 and LJ25; the antioxidant enzymes, except the CAT and POD (upregulated in LJ25 and 
downregulated in LJ11), all others showed the same trends in LJ25 and LJ11. Second, most of the contents or 
activities in leaf sheath were less or weaker than those in flag leave and panicle. Third, the expression of the genes 
related to the antioxidant enzymes investigated here also showed the same trends with the phenotypic data of 
those enzymes. To sum up, our findings provided a conceptual model of the effects of LTS on the physiological 
and biochemical indices and gene expression patterns of rice in cold regions based on our data (Fig. 6) and laid 
a foundation for rice LT-tolerance breeding in cold regions.

Data availability
The datasets generated during and/or analysed during the current study are available in Supplementary files.

Received: 23 August 2021; Accepted: 15 March 2022

References
 1. Teixeira, E. I., Fischer, G., Van Velthuizen, H., Walter, C. & Ewert, F. Global hot-spots of heat stress on agricultural crops due to 

climate change. Agric. For. Meteorol. 170, 206–215 (2013).
 2. Xia, N. et al. Effect of cold-water stress at grain filling stage on starch accumulation and related enzyme activities in grains of 

japonica rice in cold-region. Chin. J. Rice Sci. 30, 62–74 (2016).
 3. Sang, T. & Ge, S. Genetics and phylogenetics of rice domestication. Curr. Opin. Genet. Dev. 17, 533–538 (2007).
 4. Kovach, M. J., Sweeney, M. T. & McCouch, S. R. New insights into the history of rice domestication. Trends Genet. 23, 578–587 

(2007).

Reactive oxygen species Antioxidants Osmotic adjustment substances

Low-
temperature

MDA

O2-

H2O2

OsMAP1

POD

SOD

CAT

OsPOX1

APX

OsCATC

Pro

GSH

SP

OsAPX

Low-temperature tolerance 

LJ11
LJ25

2 DALT 4 DALT

LJ11

LJ25

LJ11
LJ25

2 DALT 4 DALT

LJ11
LJ25

LJ11

LJ25

LJ11
LJ25

LJ11

LJ25

2 DALT 4 DALT

LJ11

LJ25

LJ11
LJ25

LJ11
LJ25

2 DALT 4 DALT

LJ11
LJ25

LJ11
LJ25

LJ11
LJ25

2 DALT 4 DALT

LJ11
LJ25

OsCOIN

2 DALT 4 DALT

LJ11

LJ25

Figure 6.  Model of the rice response to low temperatures in cold regions. Red arrows represent increased 
concentrations or expression levels. Green arrows represent decreased concentrations or expression levels, and 
black lines represent an absence of significant change in concentrations or expression levels.



11

Vol.:(0123456789)

Scientific Reports |         (2022) 12:6224  | https://doi.org/10.1038/s41598-022-10420-8

www.nature.com/scientificreports/

 5. Guo, Z. et al. Identification of candidate genes controlling chilling tolerance of rice in the cold region at the booting stage by BSA-
Seq and RNA-Seq. R. Soc. Open Sci. 7, 201081 (2020).

 6. Oliver, S. N., Dennis, E. S. & Dolferus, A. R. ABA regulates apoplastic sugar transport and is a potential signal for cold-induced 
pollen sterility in rice. Plant Cell Physiol. 48, 1319–1330 (2007).

 7. Schulz, E., Tohge, T., Zuther, E., Fernie, A. R. & Hincha, D. K. Flavonoids are determinants of freezing tolerance and cold acclima-
tion in Arabidopsis thaliana. Sci. Rep. 6, 34027 (2016).

 8. Yoshida, S. & Uemura, M. Alterations of plasma membranes related to cold acclimation of plants. In Low Temperature Stress 
Physiology in Crops (eds Yoshida, S. & Uemura, M.) 41–52 (CRC Press, 2018).

 9. John, R., Anjum, N. A., Sopory, S. K., Akram, N. A. & Ashraf, M. Some key physiological and molecular processes of cold acclima-
tion. Biol. Plant. 60, 603–618 (2016).

 10. Hajihashemi, S., Brestic, M., Landi, M. & Skalicky, M. Resistance of Fritillaria imperialis to freezing stress through gene expression, 
osmotic adjustment and antioxidants. Sci. Rep. 10, 10427 (2020).

 11. Rezaie, R., Mandoulakani, B. A. & Fattahi, M. Cold stress changes antioxidant defense system, phenylpropanoid contents and 
expression of genes involved in their biosynthesis in Ocimum basilicum L. Sci. Rep. 10, 5290 (2020).

 12. Schettler, V., Wieland, E., Methe, H., Schuff-Werner, P. & Müller, G. A. Oxidative stress during dialysis: effect on free radical scav-
enging enzyme (FRSE) activities and glutathione (GSH) concentration in granulocytes. Nephrol. Dial. Transplant. 13, 2588–2593 
(1998).

 13. Verbruggen, N. & Hermans, C. Proline accumulation in plants: A review. Amino Acids 35, 753–759 (2008).
 14. Xin, Z. & Browse, J. Eskimo1 mutants of Arabidopsis are constitutively freezing-tolerant. Proc. Natl. Acad. Sci. USA 95, 7799–7804 

(1998).
 15. Nanjo, T. et al. Toxicity of free proline revealed in an Arabidopsis T-DNA-tagged mutant defcient in proline dehydrogenase. Plant 

Cell Physiol. 44, 541–548 (2003).
 16. Shao, H. B. et al. Understanding molecular mechanism of higher plant plasticity under abiotic stress. Colloids Surf. B Biointerfaces 

54, 37–45 (2007).
 17. Yang, A., Dai, X. & Zhang, W. H. A R2R3-type MYB gene, OsMYB2, is involved in salt, cold, and dehydration tolerance in rice. J. 

Exp. Bot. 63, 2541–2556 (2012).
 18. He, A. et al. Source-sink regulation and its effects on the regeneration ability of ratoon rice. Field Crops Res. 236, 155–164 (2019).
 19. Song, S. Y., Chen, Y., Chen, J., Dai, X. Y. & Zhang, W. H. Physiological mechanisms underlying OsNAC5-dependent tolerance of 

rice plants to abiotic stress. Planta 234, 331–345 (2011).
 20. Huner, N. et al. Chloroplast redox imbalance governs phenotypic plasticity: the “grand design of photosynthesis” revisited. Front. 

Plant Sci. 3, 255 (2012).
 21. Santarius, K. A. Freezing of isolated thylakoid membranes in complex media VI. The effect of pH. Cryobiology 27, 547–561 (1990).
 22. Ito, N., Hayase, H., Satake, T. & Nishiyama, I. Male sterility caused by cooling treatment at the meiotic stage in rice plants. III. 

Male abnormalities at anthesis. Jpn. J. Crop Sci. 39, 60–64 (1970).
 23. Satake, T. Male sterility caused by cooling treatment at the young microspore stage in rice plants. IX. Revision of the classification 

and terminology of pollen developmental stages. Jpn. J. Crop Sci. 43, 36–39 (1974).
 24. Wada, T., Ogawa, K., Ito, T., Suzuki, H. & Takeoka, Y. Light microscopic observations on pollen and anther development in rice 

(Oryza sativa L.). I. Stages from pollen mother cells to tetrads. Jpn. J. Crop Sci. 59, 769–777 (1990).
 25. Oda, S. et al. Morphological and gene expression analysis under cool temperature conditions in rice anther development. Genes 

Genet. Syst. 85, 107–120 (2010).
 26. Yamaguchi, T. Analysis of genes expressed in rice anthers during the stage of maximal chilling sensitivity. Bull. Natl. Agric. Res. 

Cent. Tohoku Reg. 51(2), 119–148 (2006).
 27. Watanabe, Y., Nakamura, Y. & Ishii, R. Relationship between starch accumulation and activities of the related enzymes in the leaf 

sheath as a temporary sink organ in rice (Oryza sativa). Funct. Plant Biol. 24, 563–569 (1997).
 28. Morita, R., Sugino, M., Hatanaka, T., Misoo, S. & Fukayama, H.  CO2-responsive CONSTANS, CONSTANS-like, and time of 

chlorophyll a/b binding protein Expression1 protein is a positive regulator of starch synthesis in vegetative organs of rice. Plant 
Physiol. 167, 1321–1331 (2015).

 29. Nakashima, Y., Kunishige, K., Yasuda, M. & Yoshihara, T. Chemical composition of cold weather-damaged rice (Oryza sativa L.) 
straws and their characteristics of dry matter degradation in the rumen of sheep. Grassland Sci. 42, 335–342 (1996).

 30. Jia, Y. et al. Transcriptome sequencing and iTRAQ of different rice cultivars provide insight into molecular mechanisms of cold-
tolerance response in japonica rice. Rice 13, 43 (2020).

 31. Ito, Y., Saisho, D., Nakazono, M., Tsutsumi, N. & Hirai, A. Transcript levels of tandem-arranged alternative oxidase genes in rice 
are increased by low temperature. Gene 203, 121–129 (1997).

 32. Wang, J. et al. Characterizatio H2O2 of a rice (Oryza sativa L.) gene encoding a temperature-dependent chloroplast ω-3 fatty acid 
desaturase. Biochem. Biophys. Res. Commun. 340, 1209–1216 (2006).

 33. Fang, H. et al. Knock-down of stress inducible OsSRFP1 encoding an E3 ubiquitin ligase with transcriptional activation activity 
confers abiotic stress tolerance through enhancing antioxidant protection in rice. Plant Mol. Biol. 87, 441–458 (2015).

 34. Kanneganti, V. & Gupta, A. K. Isolation and expression analysis of OsPME1, encoding for a putative Pectin Methyl Esterase from 
Oryza sativa (subsp. indica). Physiol. Mol. Biol. Plants 15, 123–131 (2009).

 35. Guo, C. et al. Transcriptional regulation of the rice phytase gene OsPHY1 by several phytohormones and osmotic stresses using 
promoter-GUS analysis. Plant Mol. Biol. Rep. 31, 1461–1473 (2013).

 36. Zhang, Z. et al. OsHSD1, a hydroxysteroid dehydrogenase, is involved in cuticle formation and lipid homeostasis in rice. Plant Sci. 
249, 35–45 (2016).

 37. Kim, S. H., Choi, H. S., Cho, Y. C. & Kim, S. R. Cold-responsive regulation of a flower-preferential class III peroxidase gene, 
OsPOX1, in rice (Oryza sativa L.). J. Plant Biol. 55, 123–131 (2012).

 38. Mao, D. H. et al. Natural variation in the HAN1 gene confers chilling tolerance in rice and allowed adaptation to a temperate 
climate. Proc. Natl. Acad. Sci. USA 116, 3494–3501 (2019).

 39. Guo, Z. et al. Global analysis of differentially expressed genes between two Japonica rice varieties induced by low temperature 
during the booting stage by RNA-Seq. R. Soc. Open Sci. 7, 192243 (2020).

 40. Satake, T. & Hayase, H. Male sterility caused by cooling treatment at the young microspore stage in rice plants. V. Estimations of 
pollen developmental stage and the most sensitive stage to coolness. Jpn J. Crop Sci. 39, 468–473 (1970).

 41. Sato, Y., Masuta, Y., Saito, K., Murayama, S. & Ozawa, K. Enhanced chilling tolerance at the booting stage in rice by transgenic 
overexpression of the ascorbate peroxidase gene, OsAPXa. Plant Cell Rep. 30, 399–406 (2011).

 42. Batool, T. et al. Plant growth promoting rhizobacteria alleviates drought stress in potato in response to suppressive oxidative stress 
and antioxidant enzymes activities. Sci. Rep. 10, 16975 (2020).

 43. Bates, L. S., Waldren, R. P. & Teare, I. D. Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207 (1973).
 44. Campion, E. M., Loughran, S. T. & Walls, D. Protein quantitation and analysis of purity. In Protein Chromatography (eds Walls, D. 

& Loughran, S. T.) 229–258 (Springer, 2011).
 45. Gautam, H. et al. Nitric oxide enhances photosynthetic nitrogen and sulfur-use efficiency and activity of ascorbate-glutathione 

cycle to reduce high temperature stress-induced oxidative stress in rice (Oryza sativa L.) plants. Biomolecules 11, 305 (2021).



12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:6224  | https://doi.org/10.1038/s41598-022-10420-8

www.nature.com/scientificreports/

 46. Oidaira, H., Sano, S., Koshiba, T. & Ushimaru, T. Enhancement of antioxidative enzyme activities in chilled rice seedlings. J. Plant 
Physiol. 156, 811–813 (2000).

 47. Noctor, G., Mhamdi, A. & Foyer, C. H. The roles of reactive oxygen metabolism in drought: not so cut and dried. Plant Physiol. 
164, 1636–1648 (2014).

 48. Mittal, D., Madhyastha, D. A. & Grover, A. Genome-wide transcriptional profiles during temperature and oxidative stress reveal 
coordinated expression patterns and overlapping regulons in rice. PLoS ONE 7, e40899 (2012).

 49. Nievola, C. C., Carvalho, C. P., Carvalho, V. & Rodrigues, E. Rapid responses of plants to temperature changes. Temperature 4, 
371–405 (2017).

 50. Couée, I., Sulmon, C., Gouesbet, G. & El Amrani, A. Involvement of soluble sugars in reactive oxygen species balance and responses 
to oxidative stress in plants. J. Exp. Bot. 57, 449–459 (2006).

 51. Yang, J. H., Gao, Y., Li, Y. M., Qi, X. H. & Zhang, M. F. Salicylic acid-induced enhancement of cold tolerance through activation 
of antioxidative capacity in watermelon. Sci. Hortic. 118, 200–205 (2008).

 52. Xu, M. Z. et al. Physiological analysis on mechanisms of cold-tolerance of Dongxiang wild rice. Agric. Sci. Technol. Hunan 11, 
39–43 (2010).

 53. Chu, T. M., Jusaitis, M., Aspinall, D. & Paleg, L. G. Accumulation of free proline at low temperatures. Physiol. Plant. 43, 254–260 
(1978).

 54. Ren, Y. et al. DFR1-mediated inhibition of proline degradation pathway regulates drought and freezing tolerance in Arabidopsis. 
Cell Rep. 23, 3960–3974 (2018).

 55. Gupta, M., Cuypers, A., Vangronsveld, J. & Clijsters, H. Copper affects the enzymes of the ascorbate-glutathione cycle and its 
related metabolites in the roots of Phaseolus vulgaris. Physiol. Plant. 106, 262–267 (1999).

 56. Yao, K., Hu, X., Gu, X., Zou, J. & Lü, C. Heterosis of photosynthetic characteristics and plant type of hybrid rice line “Liangyou-
peijiu” and “65396” bred by two- line method. Jiangsu Agric. Sci. (1) 8–12, 53 (2000) (in Chinese).

 57. Zhang, Q., Chen, Q., Wang, S., Hong, Y. & Wang, Z. Rice and cold stress: methods for its evaluation and summary of cold tolerance-
related quantitative trait loci. Rice 7, 24 (2014).

 58. Xiang, H. et al. Effects of low temperature stress during flowering stage on physiological characteristics of rice leaf sheath and 
seed-setting rate. Agric. Res. Arid Areas 37, 114–122 (2019) (in Chinese).

 59. Dhindsa, R. S., Plumb-Dhindsa, P. A. & Thorpe, T. A. Leaf senescence: Correlated with increased levels of membrane permeability 
and lipid peroxidation, and decreased levels of superoxide dismutase and catalase. J. Exp. Bot. 32, 91–101 (1982).

 60. Faruk, H. M. et al. Physiological investigation of ricelandraces in a low temperature earea of Bangladesh. Res. J. Agric. For. Sci. 3, 
1–6 (2015).

 61. Xiang, H. et al. Aba pretreatment enhances the chilling tolerance of a chilling-sensitive rice cultivar. Braz. J. Bot. 40, 853–860 
(2017).

 62. Zhang, Q., Jiang, N., Wang, G. L., Hong, Y. & Wang, Z. Advances in understanding cold sensing and the cold-responsive network 
in rice. Adv. Crop Sci. Tech. 1, 104 (2013).

 63. Liu, K. et al. Overexpression of OsCOIN, a putative cold inducible zinc finger protein, increased tolerance to chilling, salt and 
drought, and enhanced proline level in rice. Planta 226, 1007–1016 (2007).

 64. Ye, N., Zhu, G., Liu, Y., Li, Y. & Zhang, J. ABA controls  H2O2 accumulation through the induction of OsCATB in rice leaves under 
water stress. Plant Cell Physiol. 52, 689–698 (2011).

 65. Kim, S. H. et al. The bHLH Rac Immunity1 (RAI1) is activated by OsRac1 via OsMAPK3 and OsMAPK6 in rice immunity. Plant 
Cell Physiol. 53, 740–754 (2012).

 66. Xie, G., Kato, H. & Imai, R. Biochemical identification of the OsMKK6-OsMPK3 signalling pathway for chilling stress tolerance 
in rice. Biochem. J. 443, 95–102 (2012).

 67. Wen, J. Q., Oono, K. & Imai, R. Two novel mitogen-activated protein signaling components, OsMEK1 and OsMAP1, are involved 
in a moderate low-temperature signaling pathway in rice. Plant Physiol. 129, 1880–1891 (2002).

Acknowledgements
We thank the reviewers and the editor for helpful comments on this manuscript.

Author contributions
Z.G. and L.C. conceived the original screening and research plans. G.P. supervised the experiments. Z.G., S.G., 
W.M., and C.L. performed most of the experiments. Z.G., C.L. and L.C. designed the experiments and analyzed 
the data. Z.G. conceived the project and wrote the article. Z.G. and L.C. supervised and complemented the writ-
ing. All authors read and approved the final version of the paper.

Funding
This study was supported by the Natural Science Foundation of Heilongjiang Province China (Grant No. 
YQ2021C033), the Heilongjiang Postdoctoral Science Foundation (Grant No. LBH-Z21027) and the Scientific 
research Funds of Heilongjiang Provincial Scientific Research Institutes (Grant No. CZKYF2021-2-C002).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 10420-8.

Correspondence and requests for materials should be addressed to Z.G. or G.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-022-10420-8
https://doi.org/10.1038/s41598-022-10420-8
www.nature.com/reprints


13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:6224  | https://doi.org/10.1038/s41598-022-10420-8

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Low-temperature stress affects reactive oxygen species, osmotic adjustment substances, and antioxidants in rice (Oryza sativa L.) at the reproductive stage
	Materials and methods
	Materials. 
	Growing condition. 
	LT treatment and sample preparation. 
	Determination of the content of MDA, Superoxide (O2-), and hydrogen peroxide (H2O2). 
	Determination of antioxidant enzymes activities. 
	Determination of the contents of osmotic adjustment substances. 
	Determination of the expression levels of the related genes. 
	Statistical analyses. 
	Ethics approval and consent to participate. 

	Results
	Effects of LTS on seed setting rates at the reproductive stage. 
	Response of MDA, O2- and H2O2 to LTS at the reproductive stage. 
	Response of antioxidant enzymes to LTS at the reproductive stage. 
	Response of several osmotic adjustment substances to LTS at the reproductive stage. 
	Responses of several antioxidant enzymes and non-enzymatic antioxidant-related genes to LTS at the reproductive stage. 

	Discussion
	Conclusions
	References
	Acknowledgements


